The effects of different humectants (sodium chloride, sucrose, and glycerol) on the growth of and compatible solute (glycine betaine, proline, and carnitine) uptake by the osmotolerant foodborne pathogen Staphylococcus aureus were investigated. While growth in the presence of the impermeant humectants sodium chloride and sucrose induced the accumulation of proline and glycine betaine by cells, growth in the presence of the permeant humectant glycerol did not. When compatible solutes were omitted from low-water-activity media, growth was very poor in the presence of impermeant humectants. In contrast, the addition of compatible solutes had essentially no effect on growth when cells were grown in low-water-activity media containing glycerol as the humectant. Carnitine was found to accumulate to high intracellular levels in osmotically stressed cells when proline and glycine betaine were absent, making it a potentially important compatible solute for this organism.
Staphylococcus aureus is described by Sheagren (36) as ''the most important bacterial pathogen of humans.'' It is a common cause of food poisoning (4, 41) and skin infections (31) and can cause other, more serious illnesses such as toxic shock syndrome (8) and infective endocarditis (16) . It is also the leading cause of nosocomial infections (6, 36) , being the single most frequent isolate of positive blood cultures from hospitalized patients (36) .
An estimated 30% of all cases of foodborne illness worldwide are caused by staphylococci (4) . As the most osmotolerant of the foodborne pathogens (44), S. aureus is able to grow in foods that are inhospitable to other pathogens and normally considered ''safe.'' Indeed, outbreaks of staphylococcal food poisoning are often associated with food items of reduced water activity (a w ), such as various cured and/or fermented sh and meat products, custards, and cream-lled pastry (4, 5, 34, 41, 44) . The minimal a w for the growth of S. aureus is usually taken to be 0.86 (9, 41) , although a few early studies suggested an even lower minimal a w (0.83) (23, 38) .
A primary physiological response of S. aureus to lowered a w is the accumulation of compatible solutes to high intracellular concentrations. The most prominent compatible solutes in S. aureus are proline and glycine betaine (hereinafter referred to as betaine) (29) , although a few other compounds, such as proline betaine (2) and taurine (14) , have been reported to act as compatible solutes in this organism. Carnitine, which is found in various foods, partic-ularly meats (12) , has been shown to be a compatible solute for a number of bacterial species, including several grampositive bacteria (18, 20, 39, 45) . To our knowledge, its role in the osmoadaptation of S. aureus has not previously been investigated.
Although the growth of S. aureus in low-a w environments has been studied periodically since at least the 1930s (15) , some aspects of its growth kinetics at low a w , particularly with regard to different humectants and compatible solutes, remain unclear. Many bacteria show pronounced differences, termed ''speci c solute effects,'' in their responses to lowered a w , depending on the humectant used (9, 10, 37, 44) . Although Scott's (35) pioneering study in the early 1950s suggested that the growth response of S. aureus to osmolarity did not signi cantly depend on the nature of the humectant, later studies have suggested otherwise. Speci cally, Li and Torres (24) found that the use of sucrose as the humectant gave rise to lower growth rates than did the use of sodium chloride in this capacity, and a few investigators have found glycerol to be more inhibitory to this bacterium than sodium chloride is (17, 28, 33) . Curiously, this is the opposite of what has been found for many gram-negative bacteria (9, 10, 37) . However, there are a few discrepancies in the literature concerning the effects of glycerol on S. aureus. For example, the growthlimiting a w value reported for glycerol varies from 0.865 (33) to 0.89 (28) . Furthermore, Troller (42, 43) found that cultures in glycerol at an a w of 0.90 gave rise to viable cell counts in excess of 10 9 CFU/ml, while other humectants gave rise to signi cantly fewer colonies at the same a w level. One important goal of the present study was to further examine the effects of high concentrations of glycerol on the growth of S. aureus, partly as an attempt to resolve these discrepancies in the earlier literature, and partly because of the recent surge of interest in the use of glycerol as an alternative humectant in the food industry (34) .
The work reported herein represents the initial phases of our investigation into speci c solute effects in S. aureus. In this study, we examined the effects of three humectants (sodium chloride, sucrose, and glycerol) and three compatible solutes (carnitine, betaine, and proline) on the growth response of S. aureus at low a w .
MATERIALS AND METHODS
Strains and media. The S. aureus type strain, ATCC 12600, was used in this study. The de ned medium (DFM) was that of Pattee and Neveln (32) O (0.042 mM) was added per liter of medium; and the proline concentration was varied (from 0.05 to 5 mM). Trypticase soy broth (TSB) and Baird Parker agar were obtained from Difco Laboratories (Detroit, Mich.). Trypticase soy agar (TSA) was prepared by adding Bacto agar (Difco) to a concentration of 1.5% (wt/vol) to TSB. A medium's a w was measured in duplicate at room temperature with an Aqua Lab CX-2 water activity meter (Decagon, Pullman, Wash.) calibrated against a series of saturated salt solutions according to the manufacturer's instructions.
Growth experiments.
Cultures were prepared in 96-well microtiter plates by adding 2.5 ml of a stationary-phase DFM preculture to each well. The nal volume of DFM medium in each well was 250 ml. Compatible solutes (carnitine, proline, and glycine betaine) were added to wells for a nal concentration of 5 mM. Humectants (sodium chloride, sucrose, and glycerol) were added to wells at various concentrations for nal a w values of 0.95, 0.92, and 0.89. The nal a w value for wells containing no added humectant was 1.00. The plates were covered with a SealPlate sealing lm (Sigma Chemical Company, St. Louis, Mo.) to minimize evaporation and were incubated without shaking at 20, 30, 37, 42, and 468C for 150 h. Growth was monitored by scanning the plates at 630 nm with a Microplate Autoreader spectrophotometer (Biotek Instruments, Winooski, Vt.) at 1-to 3-h intervals. Triplicate cultures were used for all growth conditions. The minimal a w for growth was determined by inoculating 10 ml of TSB containing sodium chloride, sucrose, and glycerol at a w values of 0.89, 0.88, 0.87, and 0.86 with 50 ml of a TSB preculture and incubating at 378C at 175 rpm for 360 h. Growth was monitored turbidometrically at 650 nm with a Bausch & Lomb Spectronic 21 spectrophotometer (Milton Roy Company, Rochester, N.Y.). In order to verify that the observed growth was that of S. aureus, samples were taken after the incubation period, serially diluted in 0.1% peptone, and plated in duplicate on Baird Parker agar.
To determine the effect of the preculture growth phase, two cultures were grown in TSB at 378C at 175 rpm until the late exponential phase (4.5 h; optical density at 650 nm [OD 650 ] 5 1.35), at which time the translation-blocking agent chloramphenicol was added to one of the precultures to a concentration of 50 mg/ml (approximately six times the MIC for this strain as determined in the present study). The precultures were then incubated for another 12 h, and 50 ml of each preculture was transferred to 10 ml of TSB or TSB containing sodium chloride, sucrose, or glycerol at a w values of 0.92 and 0.89. The subcultures were incubated at 378C at 175 rpm for approximately 120 h. Growth was monitored turbidometrically as described above.
Uptake of compatible solutes. Since S. aureus is auxotrophic for proline (13) , it was necessary to include this amino acid in all growth media. A concentration of 50 mM has been found to be suf cient to satisfy auxotrophic requirements while being low enough as to not permit signi cant accumulation of free intracellular proline as a compatible solute (40) . Precultures were grown at 378C at 175 rpm to the early stationary phase in DFM containing 1 mM proline. Fifty microliters of the preculture was transferred to 5 ml of DFM containing 50 mM proline, humectant (glycerol, sodium chloride, or sucrose at an a w of 0.95), or no humectant (a w 5 1.00), and 1.0 mM L-[2,3-3 H]proline (33 cpm/ nmol) or 1.0 mM [methyl-14 C]glycine betaine (107 cpm/nmol). Cultures were grown further at 378C at 175 rpm. The OD of the cultures was monitored turbidometrically as described above, and viable cell numbers were estimated from standard curves generated by plating duplicate nonradiolabeled samples onto TSA from DFM cultures containing the appropriate amounts of humectants and compatible solutes. Samples (250 ml) were taken during exponential growth and ltered through a Millipore GS lter (pore size, 0.22 mm) that had been prewetted with water or the appropriate humectant at a w 0.95. The lters were washed twice with 1.0 ml of water or humectant and then placed into a scintillation vial containing 2.0 ml of ethylene glycol monomethyl ether. Ten milliliters of Ecoscint H scintillation uid (National Diagnostics, Atlanta, Ga.) was added, and the samples were counted in a Beckman LS1701 scintillation counter (Beckman Instruments, Palo Alto, Calif.) for 10 min.
For the determination of 3 H-proline that had been incorporated into cellular protein, 500-ml culture samples were treated with trichloroacetic acid as described by Daniels et al. (11) , except that the nal precipitate was collected by centrifugation in a Beckman microfuge rather than by ltration. Radiolabeled pellets were resolubilized in 1.5 ml of 0.5 M Tris free base containing 1% (wt/ vol) Triton X-100. Aliquots of these samples were then added to scintillation vials containing 10 ml of Ecoscint H scintillation uid and counted for 20 min. Trichloroacetic-acid-precipitable 3 H counts were subtracted from total 3 H-proline counts.
Thin-layer chromatography. Cells from 10-ml DFM cultures grown in the presence of 3 H-proline or 14 C-glycine betaine and in the presence of sodium chloride, glycerol, or sucrose ( nal a w value, 0.95) were collected by ltration through Millipore GS lters (pore size, 0.22 mm). The lters were washed twice with 1.0 ml of the appropriate humectant at an a w of 0.95. The ltered cells were then extracted with approximately 3 ml of 70% (vol/ vol) ethanol. The extracts were concentrated under nitrogen to a volume of approximately 100 ml. Five-microliter samples of extracts were applied to silica gel 60 plates (E. Merck, Darmstadt, Germany) and chromatographed in 70% (vol/vol) ethanol. Lanes were cut into 5-mm pieces that were placed into scintillation vials containing 10 ml of Ecoscint H scintillation uid and counted for 10 min. Relative mobilities (R f ) of radiolabeled spots were compared with 3 H-proline (R f 5 0.47) and 14 C-glycine betaine (R f 5 0.32) standards. NMR analysis. A 1,000-ml DFM culture containing NaCl at an a w of 0.92, 5 mM carnitine, and 20 mM proline was grown to the early stationary phase at 308C, harvested by centrifugation at 9,000 3 g, and extracted with 70% ethanol as described previously (29) . The cell density of the culture was determined by plating in duplicate on TSA as well as by a total cellular protein assay following the method of Lowry et al. (26) as modi ed by Markwell et al. (27) . The ethanol extract was dried under nitrogen at 258C, and the dry residue was suspended in nuclear magnetic resonance (NMR) buffer (29) . 1 H NMR spectra were obtained as previously described (29) , and peak integrals were used to quantify the carnitine concentration by comparison with integrals obtained using a standard solution of 100 mM. Peak identities were con rmed by spiking samples with a carnitine standard solution and obtaining a second spectrum.
Statistical analysis. Growth data were analyzed by a oneway analysis of variance with Minitab version 11.1 for Windows (Minitab Inc., State College, Pa.). Results were considered statistically signi cant when P , 0.05.
RESULTS AND DISCUSSION
Carnitine is a compatible solute for S. aureus. The growth experiments reported herein reveal that S. aureus is capable of using carnitine as a compatible solute. Typical results are shown in Figure 1 , which shows that the addition of carnitine to a low-a w medium containing sucrose as the humectant allowed cells to grow to a higher overall yield than was obtained in the absence of compatible solutes. This stimulation of growth rate and yield by carnitine was also evident, albeit to a lesser extent, in cultures grown in the presence of NaCl as the humectant. NMR analysis revealed that carnitine did indeed accumulate to high intracellular levels under these growth conditions (Fig. 2 ). An example of the effect of carnitine addition on the growth rate of S. aureus in a variety of media is presented in Table  1 . Data for other growth parameters and growth at other temperatures and at other a w values gave similar results (not shown). Under many of the conditions tested, the addition of carnitine gave rise to a slower growth rate, a lower maximal cell density, and a longer lag time than did the addition of the other two compatible solutes (proline and betaine). However, statistical analysis (as described in ''Materials and Methods'') of these results revealed that the difference was not signi cant (P . 0.05) except when sodium chloride was the humectant. In this case, growth rates were found to be signi cantly (P , 0.05) slower in the presence of carnitine than in the presence of betaine; however, growth rates were signi cantly higher than those obtained in the absence of compatible solutes. These results reveal that S. aureus is capable of using carnitine as a compatible solute. Although carnitine has been shown to act as a compatible solute in several grampositive bacteria, such as Listeria monocytogenes (39, 45) , Lactobacillus plantarum (20) , and Bacillus subtilis (18) , to our knowledge the present study is the rst to show that carnitine has this function in S. aureus. Furthermore, our results demonstrate that, as is the case for other gram-positive bacteria (18, 45) , carnitine per se is accumulated in S. aureus and is not converted to g-butyrobetaine as it is in the Enterobacteriaceae (21) . It is noteworthy that although carnitine demonstrably acts as a compatible solute (i.e., leads to increased growth rates and yields and shorter lag times) when the a w of the growth medium is lowered with sucrose, this effect is less clear when NaCl is the humectant, even though this compound is accumulated to high levels by cells grown in the presence of NaCl.
Because carnitine is accumulated as a compatible solute by S. aureus in low-a w broth, it is possible that carnitine may be important for the growth of S. aureus in low-a w foods. Indeed, this compound is widely distributed in biological materials, with mammalian skeletal muscle being a particularly rich source (12) . Relevant to this role for carnitine, Tombras Smith (39) found that L. monocytogenes is capable of accumulating carnitine when grown on processed meats.
S. aureus displays speci c solute effects. As has been pointed out by Chirife and coworkers (3, 9) , the identity of the humectant when present in high concentrations in uences several key physical characteristics of the growth medium, such as viscosity, oxygen solubility, and the dielectric constant. In addition, humectants differ in terms of permeation across the cell membrane and in terms of compatibility with cellular metabolism when present in the cytoplasm. It seems, therefore, that speci c solute effects would not be entirely unexpected, particularly for such a highly osmotolerant organism as S. aureus, which is capable of growing in the presence of humectant concentrations on the molar level. Nevertheless, ever since Scott's (35) pioneering work in the early 1950s, it has been a prevailing opinion in the literature that, unlike the case for many other bacterial species, humectant identity is of marginal importance in the growth response of S. aureus to low a w . However, a few studies that appear to support the hypothesis that speci c solute effects can be observed in S. aureus have been carried out (24, 28, 42, 43) , as discussed in the introduction.
Although, as shown in Table 2 , growth rates at most growth temperatures were generally similar among cultures grown in the presence of the different humectants, several of our observations, discussed below, hint at fundamental differences in growth responses for different humectants. First, when growth rates were analyzed by one-way analysis of variance, signi cant differences were found in growth rates (P , 0.05), with glycerol giving rise to the highest growth rates. Although signi cant, the difference in growth rates between sodium chloride-and glycerol-grown cultures was slight, except at extreme temperatures. In Table 2, a subset of results (for cultures grown at an a w of 0.95 with 5 mM betaine) is presented. Cultures grown at other a w values and in the presence of other compatible solutes displayed similar trends. Lag times were not significantly affected by humectant identity, and maximal densities were not compared between humectants, since it was found that the relationship between OD and cell density varied with humectant (Fig. 3) . As expected, growth rate, maximal density, and lag time all varied signi cantly with both a w and temperature (data not shown).
Growth in the presence of high levels of glycerol does not induce compatible solute accumulation. A second observation supporting our hypothesis that speci c humectant effects can indeed be observed for S. aureus is that, unlike the case in which the impermeant humectants (NaCl and sucrose) were present, when the permeant humectant glycerol was present in the growth medium, no signi cant differences in growth rate could be observed in cultures with compatible solutes and those without compatible solutes (Table 1, Fig. 4 , and data not shown). The same held true for growth yield and lag time (data not shown). To investigate whether compatible solutes were in fact accumulated when glycerol was present as the humectant at high levels, intracellular levels of proline and betaine were measured as described in ''Materials and Methods.'' As expected, proline and betaine were found to accumulate to high intracellular levels (Table 3) in cells grown in media containing NaCl or sucrose as the humectant at an a w of 0.95. However, when glycerol was used as the humectant (also at an a w of 0.95), proline and betaine accumulation by cells was signi cantly reduced (P , 0.05). Indeed, intracellular proline levels of cultures grown in the presence of high glycerol were not signi cantly higher than levels detected for cells grown at high a w values (a w 5 1.00, DFM medium with no added humectants). These results are consistent with the growth studies described above and indicate that proline and betaine are not used as compatible solutes when S. aureus cultures are grown in the presence of high concentrations of glycerol.
It would be expected that glycerol, which is highly permeant toward bacterial membranes (1, 10) , would rapidly equilibrate across the cell membrane and therefore be present intracellularly at a high concentration when used as a humectant. Interestingly, high intracellular concentrations of glycerol have been observed in a variety of halotolerant eukaryotes, which do in fact accumulate glycerol as a compatible solute against a steep concentration gradient (reviewed in Brown et al. (7) and Nevoigt and Stahl (30) ). It thus seems reasonable to assume that glycerol at high levels is compatible with cellular metabolism. This leads us to propose that glycerol can act as a compatible solute for S. aureus, speci cally under conditions where it is present in the environment at high concentrations. Under these conditions, there would be no need for the cells to accumulate additional compatible solutes. It is worth noting that Kets et al. (19) , who carried out an exhaustive high-performance liquid chromatography analysis of osmotically shocked Pseudomonas putida cells, were unable to nd any com- Figure  3 assuming an average cell radius of 0.5 mm and a spherical cell shape (for a cell volume of 5 3 10 2 13 ml). a Precultures were grown in DFM in sidearm asks in a shaker bath at 378C at 150 rpm to the mid-exponential phase (8 h, 2.1 3 10 7 CFU/ml) or to the stationary phase (32 h, 2.0 3 10 9 CFU/ ml), after which 5 ml was transferred to 245 ml of DFM containing glycerol at an a w of 0.92 with or without added compatible solutes in microtiter wells. The cultures were incubated at 378C for 86 h. Growth was monitored at 630 nm as described in ''Materials and Methods.'' b The compatible solute concentration was 5 mM. ''None'' indicates no added compatible solutes. Proline was present at a concentration of 50 mM in the basal medium.
patible solutes accumulated within cells when glycerol was used to lower the a w of the growth medium.
Minimal a w values for growth further support speci c solute effects. To further explore the possibility that speci c humectant effects can be observed for S. aureus, we tested whether the minimum inhibitory a w value for growth depends on the identity of the humectant. Although similar studies had previously been performed by other investigators (17, 28, 33) , the results of these studies were somewhat contradictory, warranting their repetition. Our study revealed that the minimal a w for the growth of S. aureus ATCC 12600 in the presence of glycerol was 0.88, while growth in the presence of sucrose or NaCl was possible at an a w value of 0.87. These results are in accord with those of Plitmann et al. (33) and Kamman et al. (17) , but not with those of Marshall et al. (28) , who reported that S. aureus could not grow at a w values below 0.89 in the presence of glycerol. Considerable osmotic tolerance variation has been demonstrated among different strains of S. aureus (22, 25) , and therefore this discrepancy may be due to the use of different strains or media. Another possible explanation is that different preculture conditions, which we found to be an important determinant of growth in glycerol (as discussed below), were used.
Stationary-phase protein synthesis in precultures is required for subsequent growth in the presence of high levels of glycerol. During the growth studies reported above, it was observed that the growth phase of the preculture had a substantial effect on the subsequent growth characteristics of cells in media containing glycerol as the humectant. Speci cally, cultures derived from mid-to lateexponential-phase inocula displayed signi cantly longer lag times, lower growth rates, and higher growth-inhibitory a w values than did those derived from stationary-phase inocula (Table 4) . To explore these ndings further, the effect of the blocking of protein synthesis during the late exponential phase of the preculture was investigated. Subsequent growth of S. aureus occurred in TSB containing glycerol at a w values of 0.92 and 0.89 when inocula that had not been treated with chloramphenicol were used. However, when inocula were derived from precultures exposed to chloramphenicol, subsequent growth was not detected at these a w values. This was not the case when sucrose or NaCl was used as the humectant. Growth at a w values of 0.92 and 0.89 in TSB containing either of these two humectants was observed regardless of whether precultures were treated with chloramphenicol. Thus, it would appear that stationary-phase protein synthesis by precultures is critical for the subsequent growth of S. aureus in low-a w media containing glycerol as the humectant. The identity of the proteins involved has not yet been determined, but studies on humectant-speci c protein synthesis have been initiated in our laboratory.
CONCLUSIONS
The results of the present study reveal that S. aureus is capable of using carnitine as a compatible solute. Our ndings also provide clear evidence for speci c solute effects on several growth characteristics of this organism, such as the growth rate and the minimal a w value permitting growth. While we were able to demonstrate that the compatible solutes proline and betaine were accumulated by cells grown in the presence of NaCl or sucrose as the humectant, accumulation did not occur when cells were grown in the presence of high concentrations of glycerol, suggesting that glycerol itself may serve as a compatible solute for this organism. Finally, our results provide evidence that stationary-phase protein synthesis by precultures is required for subsequent growth in media containing high concentrations of glycerol. This latter nding provides a possible explanation for earlier discrepancies in the literature concerning the inhibitory effects of glycerol on S. aureus.
